Fluorine-doped silica glass fiber was fabricated as fiber-core for transmittance of deep ultraviolet wavelength region. By examining the effect of oxyhydrogen flame onto the core-glass (conventional cleaning process called fire-polishing process), it was found to create oxygen-deficiency centers. Additionally, fire-polishing process changes the distribution of fluorine concentration near core-cladding interface and leads to the deterioration of the optical characteristics of the fiber. By conducting preform fabrication without fire-polishing, the obtained fluorine-doped silica glass fiber showed high transmittance of more than 92% m -1 at 266 nm and excellent durability after 4 G pulses of 7 mJcm -2 laser irradiation.
Introduction
There is an increasing need for the deep ultraviolet (DUV, ≤ 300 nm) light, as a tool for photolithography, laser processing, biological and medical use such as laser surgery. However, the prices of the optical equipments such as mirrors and lenses rise steeply as the corresponding wavelength becomes shorter. By contrast, fibers can not only be inexpensive compared to a set of optical equipments, but also they are advantageous for handling invisible light such as DUV light. Therefore, optical fibers with high transparency and high durability against DUV light can be a powerful tool in the fields of DUV application. For optical fibers in ultraviolet (UV, ≤ 400 nm) wavelength region, silica glass with high-OH content has been generally used due to its high transparency. However, it has been reported that fluorinedoped silica glass exhibits a high optical transmittance in vacuum-ultraviolet (VUV, ≤ 190 nm) region and good resistance to color center formation by irradiating with DUV light.
1)-3)
Figures 1 and 2 show the transmittance spectra and durability of AQX, which is the trade name of the product of Asahi Glass Co., Ltd. that contains fluorine of ~200 ppm in weight ("ppm" stands for ppm in weight, hereafter) and less than 10 ppm hydroxyl. A 
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silica glass with 180 ppm hydroxyl is also shown in the figures for comparison. Hereafter, we call the fluorine-doped silica glass, AQX, as silica A, and the silica glass with 180 ppm hydroxyl, silica B. The thicknesses of the measured samples were 3 mm. For wavelength longer than 170 nm, absorption was very small in both silica A and B. However, for wavelength shorter than 170 nm, absorbing species seems to exist in silica B. For 155 nm, transmittance is less than 20% in silica B while it is more than 60% in silica A. The better transparency of silica A is attributed to two phenomena. 1)-4) One is that hydroxyl, whose absorption is non-negligible around 160 nm, were eliminated by fluorine-doping. The other one is that doped fluorine attacks strained Si-O-Si bonds to form SiF and reduces the fluctuation of the Si-O-Si angle in silica structure . The reduction of the fluctuation decreases the optical bandwidth of the silica glass. In Fig. 2 , durability against Xe excimer lamp of silica A (a) is compared to that of silica B (b). The samples are the same as those shown in Fig. 1 . Irradiated power of the lamp was 90 mW. The dotted lines show initial transmittance spectra (same as those shown in Fig. 1 ). The solid lines show transmittance spectra which are measured ex-situ after 100 h of irradiation. For both silica A and B, optical absorption was observed at around 165, 210, and 260 nm. Those absorption bands are attributed to structural defects called oxygen-deficient center (ODC), E' center, and non-bridging oxygen hole center (NBOHC), respectively. 5), 6) For silica A, the decrease of the transmittance by the irradiation is very small while silica B shows large decrease. These results are due to the fact that strained Si-O-Si bonds and SiOH in silica B absorbed the lamp light and created the defects. As it is explained by the figures, fluorine-doped low-OH silica glass is good for both initial absorption and durability against irradiation. Therefore, an optical fiber suitable for DUV light had been fabricated using AQX as the core material. 7),8) However, the fiber still had absorption band derived from some defects such as ODC, which are absent for the pre-processed core material. It is also known that fluorine in silica glass is easy to diffuse by thermal processes especially in wet atmosphere, 9) such as fiberpreform-fabrication and fiber-or tube-making processes. In this work, we report that we have developed a preform-fabrication technique to maintain maximum advantage of characteristics of the fluorine-doped silica glass.
Experimental

The effect of oxyhydrogen flame onto the fluorine-doped silica glass
Before fiber-drawing, fiber-preform fabrication process was examined. To fabricate fiber-preforms, a process called "rod-intube technique" (RIT) was applied. Conventionally, the RIT consists of three steps. At first, dummy rods and tubes are welded to the core-rod and the clad-tube for handling, respectively. Second, a process called "fire-polishing" (FP) is done for cleaning the surface of the rotating core-rod and the inner surface of the rotating clad-tube by scanning them with oxyhydrogen flame. Third step is to insert the fire-polished core-rod into the clad-tube and weld them together by heating from the outside of the clad-tube. For all these heating processes, oxyhydrogen flame is used. Among these processes, FP process onto the corerod is considered as most effective to the optical properties of the obtained fiber because the surface of the core-rod, which will be the interface of the core and the cladding, and must be important for transmitting light in the fiber, is directly heated by the oxyhydrogen flame. Therefore, we have examined the effect of the FP process onto the core glass by investigating the dependence of the transmittance spectra on the FP conditions. In the experiment, the core-rod was fire-polished by oxyhydrogen flame with 60 l/min H2 gas and 30 l/min O2 gas, or 80 l/min H2 gas and 40 l/min O2 gas. After the polishing, core-rod was cut into small cylindrical-lens like blocks as shown by Fig. 3(a) whose thickness is 10 mm at the top. The transmittance spectra of the surface of the core-rod was measured with the light incident perpendicularly on to the flat plane of the sample, as shown in Fig. 3(b) . The spot size of the incident light was set to be small (1 × 1 mm) to minimize the effect of the curved surface.
2.2
The effect of the fire-polishing for the optical properties of the fibers
The effects of FP process on the optical properties of fibers were also examined. We prepared one fiber-preform without FP process, and the other one with weak FP process (H2/O2 = 60/30 l/min). For both fiber-preforms, AQX glass rods of ~10 mm in diameter and ~30 cm in length were used as core material. The clad-tube contained ~10000 ppm fluorine and negligible amount of hydroxyl. The fiber-preforms were intended to be drawn to form a step-index type multimode fiber with diameters of 660 μm for the clad and 600 μm for the core. The drawing temperature was set to be slightly lower than 1800°C, and the drawing speed was 0.5 m/min. Optimization of the fiber-drawing conditions are also very effective for improving properties of fluorine-doped silica glass fibers. Details of the optimization of fiber-drawing process are explained elsewhere. 7),8) After the fiber-drawing, the fibers were immersed in a hydrogen atmosphere of 1 MPa for 14 d. 8 ), 10) In order to measure the optical properties of the obtained fibers, the transmittance spectra in DUV-VUV region were measured by the cutback method using a Seya-Namioka type VUV-spectrometer (Bunko-Keiki Co., Ltd.). Cutback length of the fiber was 60 cm from the total length of 120 cm. The data was converted to the transmittance per 1 m in length by assuming 
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Beer-Lambert Law. Laser durability of the fibers were also examined. The fiber was subjected to the 4th harmonic of Nd:YVO4 laser radiation with a repetition rate of 50 kHz (Spectra Physics Co., Ltd. HIPPO™ series, 266 nm). The pulse number of 4 × 10 9 doses were irradiated to examine laser damage to the fibers. The energy density at the entrance of the fiber was 7 mJcm -2 . Changes in the transmittance of the fibers were measured in situ by detecting the output energy using thermometer.
Results and discussions
Transmittance spectra of the surface of the core glass heated with different FP conditions are shown in Fig. 4 . The thin line shows the transmittance spectra of the glass sample without FP process. Dotted line represents transmittance spectra of the sample heated with H2/O2 = 60/30 l/min gas, while the thick solid line is the one tested with 80/40 l/min. As it can be clearly seen in Fig. 4 , absorption at around 165 nm increased when the flow rate of the gas in oxyhydrogen flame was increased. The absorption peak was attributed to ODC. Thus, it was concluded that direct heating with oxyhydrogen flame generates ODC. We have also examined the distribution of the element near the surface of the tested core-glass by Secondary Mass-Ion Spectroscopy (SIMS).
11) It was seen that fluorine had evaporated from surface of the core-glass and the evaporation rate increased when the gas flow rate of oxyhydrogen flame increased. This indicated that the ODC had increased due to the decrease in fluorine concentration by the evaporation caused by heating with oxyhydrogen flame. Such change in the distribution of fluorine concentration itself is expected to change the optical properties of the fiber from the design and degrade its transmittance, i.e., less fluorine in the outer area of the fiber-core cause higher refractive index at the edge of the core which leads to divergence of the transmitted light. Therefore, applying FP process in fiber-preform fabrication is appeared to be undesirable when fluorine-doped silica glass is used as fiber-core material. Figure 5 shows the transmittance spectra of the fibers drawn from the preform with and without FP process by dotted and solid lines, respectively. For the conventional FP process, H2/O2 gas flow rate of 80/40 l/min was used. It is clearly seen from Fig.  5 that the fiber obtained without FP process had better transparency over a wide spectral range than that of the conventional one, except that it still has a small unaccountable absorption band at around 190 nm. Moreover, the fiber drawn from preform without FP process, the absorption edge shifted to the shorter wavelength and the transmittance exceeded 90% m -1 for the wavelength longer than 230 nm (and typically it maintains up to the infrared wavelength region).
7),8) Particularly, for 266 nm, which is commonly used for laser processing, the transmittance exceeded 92% m -1 . The changes in the normalized energy of the output light at 266 nm during laser irradiation are shown in Fig. 6 . The solid circles show the change of the transmittance of fiber fabricated without FP process. After 4 G pulses of irradiation, only a slight decrease of transmitted laser pulse energy was observed. On the other hand, the normalized output energy of the transmitted light from the fiber made by applying weak FP process (H2/O2 = 60/ 30 l/min) decayed by more than 15% (open square). Moreover, Fig. 4 . Change of the transmittance spectra when fire-polishing process is applied to the core-glass . Thin line shows the initial spectra (without FP). Dotted line shows transmittance of the core-glass after weak fire-polishing with oxyhydrogen flame (H2/O2 = 60/30 l/min). Thick solid line represents the one polished with oxyhydrogen flame using H2/O2 = 80/40 l/min gas flow. the fiber made from the fiber-preform with conventional FP process (H2/O2 = 80/40 l/min) showed sudden decay at the early stage of the irradiation. Thus, we have concluded that fibers produced without FP process is also appropriate for obtaining good laser-durability when fluorine-doped silica glass is used as fiber-core material.
Summary
Dependence of transmittance and durability of fluorine-doped silica glass fiber for DUV light on the preform fabrication process were examined. When conventional cleaning process with oxyhydrogen flame, called fire-polishing process, was applied to the core-glass, oxygen-deficiency centers were created. In addition, the distribution of the fluorine concentration was changed by the fire-polishing process and this leads to change the optical characteristics of the obtained fiber. By conducting fiber drawing with the preform prepared without fire-polishing, the obtained fiber showed high transmittance of more than 92% m -1 at 266 nm and excellent durability after 4 G pulses of 7 mJcm -2 laser irradiation. There is still enough room to improve the fiber-manufacturing processes, considering that the transmittance of the bulk glass is much better than that of the fibers. We believe that our fibers encourage practical applications in DUV-VUV wavelength region.
